We determined the function of phospholipase D2 (PLD2) in host defense in highly lethal mouse models of sepsis using PLD2 / mice and a PLD2-specific inhibitor. PLD2 deficiency not only increases survival but also decreases vital organ damage during experimental sepsis. Production of several inflammatory cytokines (TNF, IL-1, IL-17, and IL-23) and the chemokine CXCL1, as well as cellular apoptosis in immune tissues, kidney, and liver, are markedly decreased in PLD2 / mice. Bactericidal activity is significantly increased in PLD2 / mice, which is mediated by increased neutrophil extracellular trap formation and citrullination of histone 3 through peptidylarginine deiminase activation. Recruitment of neutrophils to the lung is markedly increased in PLD2 / mice. Furthermore, LPS-induced induction of G protein-coupled receptor kinase 2 (GRK2) and down-regulation of CXCR2 are markedly attenuated in PLD2 / mice. A CXCR2-selective antagonist abolishes the protection conferred by PLD2 deficiency during experimental sepsis, suggesting that enhanced CXCR2 expression, likely driven by GRK2 down-regulation in neutrophils, promotes survival in PLD2 / mice. Furthermore, adoptively transferred PLD2 / neutrophils significantly protect WT recipients against sepsis-induced death compared with transferred WT neutrophils. We suggest that PLD2 in neutrophils is essential for the pathogenesis of experimental sepsis and that pharmaceutical agents that target PLD2 may prove beneficial for septic patients.
Brief Definitive Report
Sepsis is a systemic inflammatory response syndrome that results from infection of invading microorganisms and is associated with substantial clinical mortality in the United States (27%), with no effective therapy to improve patient survival (Angus et al., 2001; Cohen, 2002; Kumar et al., 2011) .
Sepsis-induced mortality is closely linked with the failure of the host's innate immune response to contain and destroy invading pathogens (Hotchkiss et al., 2013) . Neutrophils generate neutrophil extracellular traps (NETs) that can enmesh circulating bacteria from the bloodstream and provide intravascular immunity against septic infection (McDonald et al., 2012) . Neutrophil recruitment to sites of infection is also important in controlling invading pathogens (Alves-Filho et al., 2010) . CXCR2 regulates neutrophil influx during infection and is downregulated on neutrophils from septic patients (Cummings et al., 1999) .
Phospholipase D2 (PLD2) is a crucial cell signaling enzyme in neutrophils and other cell types that hydrolyze phosphatidylcholine to phosphatidic acid and choline (Jang et al., 2012) . Phosphatidic acid can bind and activate many different kinases, phosphatases, nucleotidebinding proteins, and phospholipases that control cell migration, proliferation, and activation active (Colley et al., 1997) , we next asked if a PLD2-specific inhibitor would also protect against sepsis-associated mortality. Survival was significantly extended in WT mice treated with the PLD2-selective inhibitor (N-[2-(4-oxo-1-phenyl-1, 3, 8-triazaspiro[4, 5] dec-8-yl)ethyl]-2-naphthalenecarboxamide; Scott et al., 2009 ) compared with vehicle control (40 vs. 5% survival, respectively; Fig. 1 c) . Collectively, these results strongly suggest that PLD2 (more precisely, PLD2 activity) is involved in the pathological progression of sepsis.
CLP-induced mouse mortality is closely associated with lung inflammation and dysfunction of vital organs, including the liver (Cohen, 2002) . Histological analysis confirmed that CLP caused dramatic inflammation of the lungs, with severe alveolar congestion and extensive formation of thrombotic lesions in WT mice but not in PLD2 / mice (Fig. 1 d) . CLP surgery significantly increased the lung wet/dry ratio in WT mice, indicating the presence of edema, which was not observed in PLD2 / mice ( Fig. 1 e) . Histological analysis also confirmed that CLP caused marked, time-dependent liver inflammation with severe damage 24 h after CLP in WT mice but not in PLD2 / mice ( Fig. 1 f) . Plasma aspartate aminotransferase (AST) levels (a marker of liver damage) were also significantly elevated in WT CLP mice at 12 and 24 h after induction compared with PLD2 / mice ( Fig. 1 g) . (Jang et al., 2012) . A functional role for PLD2 in the pathogenesis of sepsis has yet to be explored. We therefore investigated the role of PLD2 in multiple models of experimental sepsis.
RESULTS AND DISCUSSION PLD2 deficiency increased survival rate and reduced vital organ inflammation against polymicrobial sepsis To examine the role of PLD2 on the pathogenesis of polymicrobial sepsis, we first assessed survival after cecal ligation puncture (CLP)-induced polymicrobial sepsis in WT versus PLD2 / mice. PLD2 deficiency significantly improved the survival rate, with 90% of mice surviving by day 10 compared with just 25% of WT, suggesting that PLD2 plays a pathogenic role in endotoxicosis (Fig. 1 a) . The intestinal microbiomes were not fundamentally different between WT and PLD2 / mice (Fig. S1 ), indicating that the difference in susceptibility to CLP-induced mortality was not mediated by possible different intestinal microbiomes.
Staphylococcus aureus (S. aureus) is a Gram-positive bacterium that is a major contributor to sepsis in the clinic (Lowy, 1998) . We therefore tested the effects of PLD2 deficiency on survival in a S. aureus-dependent sepsis model. Again, PLD2 / mice were significantly protected against S. aureus-mediated septic mortality, with 50% of mice surviving for 10 d compared with just 12.5% of WT mice (Fig. 1 b) . Because PLD2 is constitutively (a and c) WT or PLD2 / mice were subjected to CLP (a), or injected with S. aureus (2 × 10 8 ; b), PLD2 inhibitor, or vehicle control (0.5% Tween 80 in PBS) was injected s.c. 4 times into mice 2, 14, 26, and 38 h after CLP (c). Survival was monitored for 10 d. *, P < 0.05; ***, P < 0.001, by ANOVA. Sample size, n = 20 per group (a and c); n = 8 per group (b). (d-g) WT or PLD2 / mice were subjected to CLP and were sacrificed 24 h after surgery. The lungs and livers were stained with hematoxylin and eosin (d and f). The data are representative of eight mice per group from two independent experiments. Bar, 100 µm (d and f). The lungs were used to measure the wet/dry weight ratio 24 h after CLP (e). The levels of plasma AST were measured (g). Mean ± SEM (n = 6; e and g). *, P < 0.05; **, P < 0.01 by t test. Data were pooled from two independent experiments (a-c). Data are representative of three independent experiments (e and g).
However, the levels of several proinflammatory cytokines (TNF, IL-1, IL-17, and IL-23) and chemokine CXCL1 were significantly reduced in samples from CLP PLD2 / mice (Fig. 2 a) . There were no genotype-dependent differences in several other cytokines (IL-21 and IFN-) or chemokines (CCL2 and CXCL2). Furthermore, IL-10 and CCL5 were increased in exudates from PLD2 / mice compared with WT PLD2 deficiency decreased CLP-induced inflammatory cytokines/chemokines and apoptosis We next asked if PLD2 deficiency was associated with a reduction in key cytokines involved in the pathogenic systemic inflammatory response syndrome triggered during sepsis. CLP surgery dramatically induced proinflammatory cytokine levels during the initial 24 h in peritoneal exudates from WT mice. . *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student's t test. (d-f) WT or PLD2 / mice were subjected to CLP, and were sacrificed 24 h after surgery. The spleen, thymus, kidney, and liver were subjected to DNA fragmentation analysis (TUNEL). The data are representative of eight mice per group from two independent experiments (d [top] and f). Bar, 100 µm (d and f). TUNEL-positive cells were counted (d, bottom). Splenocyte death from CLP WT or PLD2 / mice was determined by flow cytometry using anti-Annexin V antibody and 7-AAD (e). Mean ± SEM (n = 8 [d] ; n = 4 [e]). *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student's t test. Data are representative of two (a and e) or three (b-c and d [bottom] ) independent experiments. a primary component of NETs. Stimulation of neutrophils isolated from WT mice with ionomycin induced NET formation (Fig. 3 d) . Interestingly, NET formation was markedly increased in ionomycin-stimulated neutrophils isolated from PLD2 / mice (Fig. 3 d) . Moreover, NET formation without ionomycin stimulation was slightly increased by neutrophils isolated from PLD2 / mice versus WT (Fig. 3 d) . Ionomycin-stimulated NET formation by WT neutrophils was also further increased by treatment with a PLD2 inhibitor (Fig. 3 e) .
Citrullination of histone is associated with NET formation (Wang et al., 2009) . Because PLD2 deficiency resulted in increased NET formation by SYTOX Green nucleic acid staining, we next assessed the NETs for citrullinated histone 3 content. The level of citrullinated histone 3 was dramatically increased in neutrophils isolated from PLD2 / mice compared with WT ( Fig. 3 f) . In addition, ionomycin stimulation strongly increased histone 3 citrullination in PLD2 / mice compared with either unstimulated PLD2 / or ionomycin-stimulated WT neutrophils (Fig. 3 f) . Peritoneal exudate histone 3 citrullination was markedly increased in PLD2 / mice after CLP compared with WT mice (Fig. 3 g ). Increased levels of citrullinated histone 3 and NET formation were also detected in lung neutrophils from CLP-operated PLD2 / mice versus WT by immunofluorescence staining (Fig. 3 h) . PAD4 catalyzes histone 3 citrullination (Li et al., 2010) . Because histone 3 citrullination was up-regulated in neutrophils isolated from PLD2 / mice, we measured PAD activity in neutrophils. PAD activity was significantly enhanced in PLD2 / neutrophils compared with WT ( Fig. 3 i) . Increased PAD activity was also present in lung tissue of sham PLD2 / mice versus WT, as well as 2 h after CLP PLD2 / mice versus WT (Fig. 3 j) . The aggregate of these results indicate that deficiency of PLD2 enhances PAD activity resulting in histone 3 citrullination and NET formation in neutrophils. Addition of PLD2 inhibitor also stimulated PAD activity and histone 3 citrullination in neutrophils (unpublished data), which supports the notion that PLD2 activity normally suppresses PAD activity and subsequent histone 3 citrullination in vivo. Because PAD can catalyze the citrullination of other histones, such as histone 4 (Wang et al., 2009) , there may be additional histone citrullination events that contribute to PLD2 deficiency-induced NET formation.
Intracellular calcium ions are required for PAD4 activation, resulting in histone 3 citrullination and NET formation (Rohrbach et al., 2012) . Ionomycin-stimulated calcium flux was enhanced in neutrophils from PLD2 / mice compared with WT (Fig. 3 k) . In addition, a PLD2 inhibitor strongly enhanced ionomycin-induced intracellular calcium mobilization in WT neutrophils (Fig. 3 k) . These results suggest that PLD2 may normally suppress activation-dependent calcium signaling in neutrophils and dampen calcium-dependent PAD enzymatic activity, resulting in decreased histone 3 citrullination and NET formation.
We also tested whether PLD2 deficiency affects bacterial phagocytosis and phagocytic killing of bacteria. Ionomycin (Fig. 2 a) . PLD2-deficient splenocytes or WT splenocytes treated with PLD2 inhibitor and then challenged with LPS ex vivo showed a similar trend in significantly reduced inflammatory cytokine and chemokine secretion compared with controls (Fig. 2, b and c) . Collectively, the cytokine analysis indicates that PLD2 deficiency has a specific and selective effect on the production of key cytokines and chemokines that drive the pathology of polymicrobial sepsis.
Immune cell apoptosis is associated with sepsis-induced mortality (Cohen, 2002) . CLP caused a marked increase in lymphocyte apoptosis in the spleen and in the thymus in WT, but not in PLD2 / mice, as measured by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) histology (Fig. 2 d) . Thus, PLD2 deficiency strongly attenuates lymphocyte apoptosis in the spleen and thymus, thereby contributing additional protective effects against sepsis-induced mortality. CLP also caused an increase in the Annexin V + / 7-AAD  or Annexin V + /7-AAD + cell populations in WT mice, which was markedly decreased in PLD2 / mice (Fig. 2 e) . CLP also caused a marked increase in renal cell apoptosis in the kidney cortex and medulla, and in liver hepatocytes in WT but not PLD2 / mice as determined by TUNEL histology (Fig. 2 f) . These data indicate that vital organ injury is more severe in WT mice compared with PLD2 / mice.
PLD2 deficiency enhanced bactericidal activity by up-regulating NET formation through peptidylarginine deiminase (PAD) activation and augmenting phagocytic killing of bacteria Septic mortality correlates with bacterial colony counts in peritoneal fluid and peripheral blood (Xiao et al., 2006) . Bacterial colony counts were significantly decreased in peritoneal lavage fluid by 60% 24 h after CLP from PLD2 / mice compared with WT mice (Fig. 3 a) . Because neutrophils play a key bactericidal role in the CLP model, we measured the recruitment of neutrophils into the peritoneal cavity and found that significantly more neutrophils were recruited 6 h after CLP in PLD2 / mice versus WT (Fig. 3 b) . The enhanced recruitment was not simply a result of elevated numbers of circulating neutrophils in the PLD2 / mice via increased granulopoiesis (Fig. 3 c and Fig. S2 ).
Bacteria colony counts in peripheral blood and in bronchoalveolar lavage fluid (BALF) were also markedly decreased in PLD2 / mice versus WT (Fig. 3 a) . Bacteria released into the peritoneal cavity eventually make their way through the circulation and enter lung tissue, resulting in lung inflammation (Matute-Bello et al., 2001) . Bacteria colony counts in lung tissues were also significantly decreased in PLD2 / mice versus WT (Fig. 3 a) . Live bacterial colony numbers were significantly increased in liver and spleen 24 h after CLP in WT mice compared with PLD2 / mice (Fig. 3 a) .
It was recently reported that neutrophils generate NETs to trap and kill invading bacteria (Brinkmann et al., 2004) . To investigate the effect of PLD2 deficiency on NET formation, we stained neutrophils with SYTOX Green nucleic acid stain, a nonpermeable dye that stains nucleic acid, Br ief Definitive Repor t stimulated similar levels of phagocytosis (FITC-dextran uptake, 70 kD) in both of WT and PLD2 / neutrophils, suggesting that PLD2 deficiency likely does not affect bacterial phagocytosis (unpublished data). However, ionomycin-stimulated WT or PLD2 / mice were subjected to CLP. Peritoneal lavage fluid, peripheral blood, BALF, lung, liver, and spleen were collected 24 h after CLP. The collected fluid samples or homogenized tissue samples were cultured overnight on blood-agar base plates at 37°C; the number of CFU was then determined. (b) WT or PLD2 / mice were subjected to CLP. 6 h after surgery, peritoneal fluids were collected and infiltrating neutrophils were enumerated by flow cytometry. (c) Circulating blood was collected from sham or CLP-operated WT or PLD2 / mice 6 h after surgery. Total blood neutrophils (Ly6G + ) were counted by flow cytometry. (d and f) Neutrophils isolated from WT or PLD2 / mice were stimulated with ionomycin (5 µM) for 4 h. (e) Neutrophils from WT mice were stimulated with ionomycin (5 µM) for 4 h in the presence of PLD2 inhibitor (10 µM) or vehicle control (0.5% Tween 80 in PBS). NET formation was measured using SYTOX Green nucleic acid staining. Bar, 100 µm (d and e). Peritoneal fluid was harvested at 2 h from sham or CLP-operated WT or PLD2 / mice (g). Citrullinated histone 3 (H3-cit) levels were measured by Western blot analysis (f and g). WT or PLD2 / mice were subjected to CLP and sacrificed 2 h after surgery. The lungs were analyzed by immunofluorescence for the presence of neutrophils (red channel) or citrullinated histone 3 (green channel), with DAPI used to visualize DNA content. Bar, 100 µm (h). PAD activity was measured using BAEE as arginine derivative in mouse neutrophils (i) and harvested lung at 2 h after CLP (j). Neutrophils isolated from WT or PLD2 / mice were loaded with calcium-sensitive dye fura-2/AM and stimulated with ionomycin (2 µM) in the absence or presence of PLD2 inhibitor (10 µM; k). (l) Neutrophils isolated from WT or PLD2 / mice were incubated with S. aureus (2 × 10 6 ) for 1 h, and phagocytic killing activity was measured. Mean ± SEM (n = 4 [a, i, and j]; n = 5 [b and c]; n = 3 [l]). *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student's t test. The data are representative of four different experiments (d-h and k). Data are representative of at least two independent experiments. NT, no treatment.
phagocytic killing of bacteria was significantly increased by PLD2 deficiency (Fig. 3 l) .
Collectively, our results suggest that PLD2 deficiency enhances bactericidal activity by stimulating both histone 3 translocation (Fig. 4 g) . However, LPS-induced p65 nuclear translocation was markedly attenuated in neutrophils from PLD2 / mice (Fig. 4 g ). This result suggests that PLD2 is required for the activation of NF-B (an important transcription factor for the expression of GRK2) by LPS in mouse neutrophils. Moreover, LPS-induced CXCR2 down-regulation was significantly attenuated by BAY11-7082 (Fig. 4 h) . BAY11-7082 treatment also partially but significantly rescued CXCL2-induced chemotactic migration of LPS-stimulated neutrophils (Fig. 4 i) . We then tested the functional role of CXCR2 on the increased survival rate in PLD2 / mice challenged with CLP sepsis. The protective effect of PLD2 deficiency was abolished by treatment with CXCR2 antagonist SB225002 (Fig. 4 j) . This result suggests that the increased survival rate in PLD2 / mice against sepsis is mediated by the effects of PLD2 deficiency in stabilizing and/or maintaining CXCR2 surface expression.
Neutrophils play a key role in PLD2-driven mortality in sepsis
Because global PLD2 deficiency strongly attenuated sepsisinduced lethality, we next asked if neutrophil-restricted PLD2 embodied the pathogenic effects of the enzyme. Mouse neutrophils isolated from WT or PLD2 / mice were adoptively transferred into neutrophil-depleted (anti-Ly6G-treated) WT recipients that were subsequently challenged with CLP-induced polymicrobial sepsis. Bacterial colony counts in peritoneal fluid were markedly decreased in recipient mice that received PLD2 / neutrophils compared with recipients that received WT neutrophils (Fig. 5 a) . Lung inflammation and splenocyte apoptosis were significantly reduced in CLP mice that received PLD2 / versus WT neutrophils (Fig. 5, b and c) . The levels of proinflammatory cytokines (TNF, IL-6, and IL-1) and inflammatory chemokines (CCL2, CCL5, and CXCL1) in peritoneal fluid and BALF were also significantly reduced in CLP mice that received PLD2 / versus WT neutrophils (Fig. 5, d and e) . Because the total number of airway-infiltrating neutrophils was significantly higher in CLP mice with a global deficiency in PLD2 / compared with WT (Fig. 4 a) , we next asked if neutrophil-restricted PLD2 deficiency drives this phenotype. We labeled neutrophils from WT or PLD2 / mice with CFSE and adoptively transferred the cells into neutrophil-depleted WT CLP recipients by i.v. injection. In vivo neutrophil trafficking into the airways was then quantified by flow cytometry. PLD2 / neutrophils were more efficiently recruited into the airways than transferred WT neutrophils (Fig. 5 f) . Finally, adoptively transferred PLD2 / neutrophils into neutrophil-depleted WT recipients significantly protected against CLP-induced death compared with transferred WT neutrophils (Fig. 5 g) . In contrast, adoptive transfer of WT neutrophils into neutrophil-depleted PLD2 / recipients induced significant mortality in the CLP model (Fig. 5 h) . Together the results strongly indicate that the protective effect of PLD2 deficiency against experimental sepsis is mediated by neutrophils.
We also compared the recruitment of CFSE-labeled WT and PLD2 / neutrophils in nondepleted WT mice. We citrullination-PAD activation-NET formation and phagocytic bacterial killing by neutrophils.
PLD2 deficiency elicits increased neutrophil recruitment to the lung by stabilizing CXCR2
Lung inflammation can be caused by live bacteria in sepsis (Xiao et al., 2006) . Live bacteria released from CLP surgery may enter the blood stream, move into the lung, and subsequently enter the airways (Xiao et al., 2006) . Because live bacterial colony numbers in BALF were markedly decreased after CLP in PLD2 / mice compared with WT (Fig. 3 a) , and phagocytic cells mediate killing of bacteria, we compared the BALF leukocyte population in WT and PLD2 / mice. Interestingly, the total number of BALF leukocytes was significantly higher in PLD2 / mice versus WT (Fig. 4 a) . Neutrophils were strongly recruited into the respiratory tract in PLD2 / mice compared with WT after CLP (Fig. 4 a) .
The surface expression of CXCR2, which is a crucial factor in controlling recruitment of neutrophils into event areas, is decreased on neutrophils from septic patients compared with healthy individuals (Cummings et al., 1999; Alves-Filho et al., 2010) . The expression level of CXCR2 was significantly higher on neutrophils from PLD2 / mice compared with WT in CLP-operated models (Fig. 4 b) . The surface expression level of CXCR2 on WT neutrophils was significantly decreased 1 h after LPS treatment (Fig. 4 c and not depicted) . Interestingly, however, LPS did not trigger down-regulation of CXCR2 on neutrophils from PLD2 / mice, especially compared with the effect of LPS on WT neutrophil CXCR2 levels (Fig. 4 c) . Furthermore, LPS stimulation attenuated CXCR2-mediated WT neutrophil chemotaxis to CXCL2 and CXCL1, but the inhibitory effect of LPS on cell migration was significantly diminished in PLD2 / neutrophils (Fig. 4 d) . Neutrophil chemotaxis to other chemoattractants (e.g., fMLP, Leu-Glu-Ser-Ile-Phe-Arg-Ser-Leu-Leu-Phe-Arg-Val-Met [MMK-1], Trp-Lys-Tyr-Met-Val-D-Met [WKYMVm], and C5a) was not affected by LPS or by PLD2 deficiency (Fig. 4 d) . Surface-expressed CXCR2 is down-regulated in a phosphorylation-dependent manner, and G protein-coupled receptor kinase 2 (GRK2) has been reported to phosphorylate CXCR2 (Angus et al., 2001) . We tested the effect of PLD2 deficiency on the expression of GRK2 induced by LPS. GRK2 expression was induced after 1 h of incubation with LPS in WT mice (Fig. 4 e and not depicted) . However, LPSstimulated GRK2 up-regulation was attenuated in neutrophils isolated from PLD2 / mice (Fig. 4 e) . Collectively, PLD2 play an important role in the regulation of surface expression of CXCR2 by regulating the expression of GRK2 in mouse neutrophils. The regulatory mechanism of LPS-induced GRK2 expression in mouse neutrophils was tested using pharmacological inhibitors of intracellular signaling pathways. LPSinduced GRK2 expression was completely inhibited by IB inhibitor BAY11-7082, suggesting that it is an NF-B-dependent process (Fig. 4 f) . The activation of NF-B is associated with p65 nuclear translocation (Maguire et al., 2011) . Stimulation of WT neutrophils with LPS elicited p65 nuclear Br ief Definitive Repor t neutrophil recruitment and NET formation. Thus, our preclinical data support targeting PLD2 to limit the pathomechanisms that drive endotoxemia.
MATERIALS AND METHODS
Mice and CLP experimental sepsis model. C57BL/6 mice were purchased from Orient Bio. PLD2 / mice were generated as described previously (Ghim et al., 2014) . All experiments involving animals received the approval of the Institutional Review Committee for Animal Care and Use at Sungkyunkwan University School of Medicine (Suwon, Korea). Experimental CLP sepsis model was conducted as described previously (Kim et al., 2011) . In brief, mice were anesthetized with intraperitoneal injections of Zoletil (50 mg/kg) and Rompun (10 mg/kg), after which a small abdominal found that CFSE-labeled PLD2 / neutrophils were more effectively recruited into the airways than WT neutrophils (unpublished data), consistent with our result using neutrophil-depleted recipients. However, adoptive transfer of WT neutrophils into nondepleted PLD2 / mice did not worsen sepsis (unpublished data). Together with our previous results, the result suggests that PLD2 / neutrophils can overcome the pathogenic effects of transferred WT neutrophils in experimental sepsis.
In this study, we demonstrated that genetic or pharmaceutical targeting of PLD2 effectively prevented the progression of sepsis in the CLP polymicrobial sepsis model by enhancing Neutrophil chemotaxis toward vehicle (DMSO), CXCL1 (100 ng/ml), CXCL2 (30 ng/ml), fMLP (1 µM), MMK-1 (1 µM), WKYMVm (1 µM), or C5a (10 nM) was measured (d). (f) Neutrophils from WT mice were stimulated with LPS (1 µg/ml) for 1 h in the presence of vehicle (Veh, DMSO), SB203580 (SB, 30 µM), FR180204 (FR, 30 µM), SP600125 (SP, 30 µM), SC-514 (SC, 5 µM), or BAY11-7082 (BAY, 10 µM). The levels of GRK2 and -actin were measured by Western blot analysis (e and f). (g) Neutrophils from WT or PLD2 / mice were stimulated with LPS (1 µg/ml) for 0, 15, 30, or 60 min. After fractionation, cytosolic and nuclear fractions were separated on SDS-PAGE, and the levels of p65 and -Tubulin or Lamin B were determined by Western blot analysis (g). (h and i) Neutrophils were incubated with LPS (1 µg/ml) for 1 h in the presence of vehicle (DMSO) or BAY11-7082 (10 µM). Surface expression of CXCR2 was measured by flow cytometric analysis (h). CXCL2-induced chemotactic migration of neutrophils was evaluated (i). Mean ± SEM (n = 6 mice [a and b]; n = 3 [c, d, h, and i]). *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student's t test. (j) CXCR2 antagonist SB225002 (17.5 mg/kg) or vehicle (1% DMSO in PBS) was injected s.c. 2 h before CLP in WT or PLD2 / mice. Survival was monitored for 10 d. **, P < 0.01 comparing PLD2 / + vehicle versus PLD2 / + SB225002 by ANOVA. Sample size, n = 7-9 mice per group. Data are representative of at least two independent experiments (a-i). Data were pooled from two independent experiments (j). NT, no treatment.
Quantification of pulmonary edema. The extent of pulmonary edema was quantified by measuring the wet/dry weight ratio of the lung as previously described (Kim et al., 2011) . The mice were killed 24 h after sham or CLP surgery. Whole harvested wet lungs were then weighed and placed in an oven for 48 h at 60°C. The dry weight was then measured and the wet/dry weight ratio was calculated.
Measurement of AST levels. The levels of AST were measured using commercially available kits (Sigma-Aldrich) according to standard laboratory techniques (Horder et al., 1981) .
Measurement of cytokines in CLP model. To measure the production of CLP-induced cytokines in peritoneal lavage fluids, WT or PLD2 / mice midline incision was made to expose the cecum. The cecum was then ligated below the ileocecal valve and punctured twice through both surfaces (or once for the measurement of cytokine production) with a 22-gauge needle, and then the abdomen was closed. Sham CLP mice were subjected to the same procedure, but without puncture of the cecum. For the S. aureus model, S. aureus (2 × 10 8 cells per mouse) was injected i.p. Vehicle (0.5% Tween 80 in PBS) or PLD2 inhibitor (4 mg/kg) was injected s.c. 4 times into CLP mice 2, 14, 26, and 38 h after CLP. Survival was monitored daily for 10 d.
Tissue histology. WT or PLD2 / mice were subjected to sham or CLP surgery. The mice were killed 12 or 24 h after surgery, after which their lungs and livers were fixed, sectioned, and stained with hematoxylin and eosin for morphological analysis. (a-e and g) Neutrophils isolated from WT or PLD2 / mice were adoptively transferred to neutrophil-depleted WT recipient mice before CLP. Peritoneal lavage fluid was collected 24 h after CLP, and the number of CFU was then determined (a). The mice were sacrificed 24 h after surgery (b-e). The lungs were stained with hematoxylin and eosin (b). The spleens were subjected to DNA fragmentation analysis (TUNEL). The data are representative of eight mice per group from two independent experiments (b and c, left). Bar, 100 µm (b and c). TUNEL-positive cells were counted (c right). (d and e) Cytokine levels in peritoneal fluid exudates (d) or BALF (e) from mice receiving transferred WT or PLD2 / neutrophils were determined 24 h after CLP. (f) Neutrophils isolated from WT or PLD2 / CLP mice were labeled with CFSE, and adoptively transferred into neutrophil-depleted WT mice. After CLP surgery in the recipient mice, recruited airway neutrophils were analyzed by flow cytometric analysis. (h) Neutrophils isolated from WT or PLD2 / mice were adoptively transferred to neutrophil-depleted PLD2 / recipient mice before CLP. Mean ± SEM (n = 6 for a, c [right], d, and e; n = 3 for f [right]). *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student's t test. Survival was monitored in adoptive transfer recipient CLP mice for 10 d. **, P < 0.01 by ANOVA. Sample size, n = 10-11 mice per group (g and h). Data are representative of two independent experiments (a and c, right; d, e, and f, right) or were pooled from two independent experiments (g and h).
